Abstract The objective of the present study was to investigate the effects of superchilling with modified atmosphere packaging on the physicochemical properties and shelf life of swimming crab. As the storage time increased, the rates at which the total aerobic plate count, total volatile basic nitrogen, pH, peroxide value and thiobarbituric acid-reactive substances value increase were significantly lower for the superchilling with modified atmosphere packaging (SCS ? MAP) treatment compared to superchilling storage (SCS) and chilling storage (CS). With increasing storage time, the carbonyl content of the proteins increased from 1.21 nmol/mg of protein (0 day) to 2.03, 1.87, 1.66 nmol carbonyl/mg protein on the 6th day for CS, SCS and SCS ? MAP, respectively. The disulfide bonds increased in a similar manner, and the total sulfhydryl content, salt extractable protein and Ca-ATPase stability decreased. Sodium dodecyl sulphate polyacrylamide gel elcetrophoresis (SDS-PAGE) and microstructure analysis also indicated that SCS ? MAP could reduce the degree of protein degradation. These results suggested that superchilling with modified atmosphere packaging offers an effective approach to slowdown protein and lipid oxidation, and extends the shelf life of swimming crab. However, superchilling with high-CO 2 packaging had a negative effect on the surface hydrophobicity and drip loss of swimming crab.
Introduction
The swimming crab (Portunus trituberculatus) is found in the coastal waters of Japan, Korea, and China, and the global production of swimming crab in 2012 was 429,959 t (FAO 2014) . Crab is highly perishable due to the biochemical, microbiological or physical changes that occur during post-mortem storage. Crab meat deteriorates rapidly, even at refrigerated temperatures, which results in a limited shelf life of the product (Ashie et al. 1996) . Previously frozen then thawed muscle tissue has significantly reduced textural quality and water-binding capacity due to ice crystal formation (Cheung et al. 2009 ), so offering an alternative and promising technique for the preservation of crab is needed.
Superchilling is a method of preserving food by partial ice crystallization. Compared to traditional chilling, superchilling extends food shelf-life at least by 1.4-5 times (Duun and Rustad 2008) . During the superchilling process, ice crystals are formed in the outer layer of the superchilled product and about 5-30% of water begins to form ice inside the products, and then a 1-3 mm layer of ice would be formed on the product surface. The formed ice will then serve as an ice reservoir to absorb heat from the product interior, and no external ice is required during transportation or storage (Wu et al. 2014) . Until now, superchilling preservation technology has been successfully applied in tilapia and other aquatic product (Cyprian et al. 2013; Wu et al. 2014) . However, the application of superchilling in crab storage is still unknown.
Aside from temperature controls, modified atmosphere packaging (MAP) has grown in recent years as an efficient method to delay microbial growth and enzymatic spoilage. During MAP and refrigerated storage, the shelf-life of aquatic products was increased for periods between 10 and 22 days (Masniyom 2011) . Low oxygen can retard several types of deteriorative reactions, and most of the aerobic bacteria growth was inhibited in low oxygen conditions. Carbon dioxide has a bacteriostatic effect and is the most important component in the choice of a gas mixture. The possible mechanisms for CO 2 inhibition include dissolved CO 2 leading to a decrease in the intracellular pH and enzyme activities or altering the membrane properties and functions (Devlieghere et al. 1998) . The inhibition of the growth of microorganisms in MAP foods is significantly regulated by the concentration of dissolved CO 2 into the product, and it is necessary to introduce a minimum concentration of 20-30% of CO 2 to the head space of packages to obtain this effect (Stiles 1991) . Therefore, a higher CO 2 concentration of MAP should be considered due to the high solubility of CO 2 in both water and fats and within the product.
Crab quality is a complex concept, including a range of factors that depend on consumers' quality perception, market preferences, storage conditions, and so on. Our previous study indicated that modified atmosphere packaging had good effect on the seafood quality. However, more than 60% CO 2 in MAP enhanced the deterioration of crab quality (Sun et al. 2016) . The objective of the present study was to assess the potential benefits of superchilling at -3 ± 1°C with a modified atmosphere packaging (with 60% CO 2 , 10% O 2 and 30% N 2 ) system by evaluating the physicochemical attributes and shelf life of crab during storage.
Materials and methods

Preparation of crab samples
Female swimming crab (Portunus trituberculatus) with an average weight of 293.3 ± 40.1 g were purchased from a local aquatic market and were transported live to the laboratory. All crabs were painlessly killed using -20°C sterile ice. The 270 crab samples were individually fixed in a special, semi-closed plastic box, and then randomly assigned into three groups, and each was subjected to processing in triplicate. The group 1 and 2 samples were individually air packaged in polyamide/polyethylene pouches (90 lm thickness, 25 cm 9 17 cm; O 2 transmission 10-20 mL/(m 2 d) at 25°C, 1 atm pressure) and stored at 4 ± 1°C (chilling storage, CS) or -3 ± 1°C (superchilling storage, SCS), respectively. The group 3 samples were individually packaged with mixed gas 10%O 2 / 60%CO 2 /30%N 2 and stored at -3 ± 1°C (superchilling combined with modified atmosphere packaging, SCS ? MAP). Given the different storage period of the three treatment consideration, samples were taken every day for CS treatment, and 0, 3, 4, 6, 9, 12, 15 days for SCS and SCS ? MAP, and 18 days only for SCS ? MAP. At each sampling time, crabs were artificially remove gills and viscera and to get meat near the side of the shell (not including legs meat). The whole experiment was replicated three times.
Microbiological growth, pH and TVB-N analysis
Ten grams of the samples was aseptically weighed and homogenized with 90 mL of sterile 0.9% physiological saline for 1 min. A ten-fold serial dilution of crab homogenates were used for microbial analyses. The total bacteria were enumerated using nutrient agar, incubated at 37°C for 48 h. The results were expressed as the log 10 CFU/g of the sample. Another 10-g sample of the crab muscle was homogenized thoroughly with 90 mL of distilled water and the homogenate was used for pH determination using a digital pH meter. The total volatile basic nitrogen (TVB-N) content was determined as described by Hong et al. (2012) . The results were expressed as mg N per 100 g of crab muscle.
Peroxide value and TBARS analysis
The peroxide value (PV) and thiobarbituric acid-reactive substances (TBARS) were determined according to the method of Wongwichian et al. (2015) . PV assay was performed with no modification, and TBARS assay was performed with a slight modification. Briefly, a ground sample (10 g) was homogenized with 30 mL of a solution containing 0.375% (w/v) thiobarbituric acid, 15% (w/v) trichloroacetic acid and 0.25 mol/L HCl. The mixture was heated in a boiling water bath for 10 min and cooled and centrifuged at 3600g at 25°C for 20 min. The absorbance of the supernatant was measured at 532 nm. Each determination was performed in triplicate, and the TBARS value was expressed as equivalents of mg malonaldehyde/kg of sample.
Preparation of myofibrillar protein procedure
Myofibrillar protein was prepared according to the followed procedure. Twenty milligrams of swimming crab meat was homogenized for 2 min with 10 volumes of TrisHCl buffer (50 mM KCl-20 mM Tris-HCl, pH 7.0). The homogenate was centrifuged at 10,000g at 4°C for 15 min, and the precipitate was added to Tris-HCl buffer (0.6 M KCl, 20 mM Tris-HCl, pH 7.0) and then homogenized.
Next, the homogenate was extracted at 4°C for 60 min and then centrifuged at 10,000g for 20 min at 4°C. The obtained supernatant was the myofibrillar protein solution used in this study. The protein concentration was determined using the Bradford (1976) method.
Determination of protein total sulfhydryl content
The total sulfhydryl (SH) content was analyzed using 5, 5 0 -dithiobis (2-nitrobenzoic acid) (DTNB) according to the method described by Benjakul et al. (1997) with some modifications. First, myofibrillar protein from the crab were diluted to 2 mg/mL in 0.1 M phosphate buffer (pH 7.4), and then, 1 mL of myofibrillar protein was added to 9 mL 0.2 M Tris-HCl buffer (pH 6.8, 8 M urea, 2% SDS, and 10 mM EDTA). A 4-mL aliquot of the mixture was added to 0.4 mL of a 0.1% DTNB solution and incubated at 40°C for 25 min. The absorbance was measured at 412 nm with a spectrophotometer. The total SH content was estimated using a molar extinction coefficient of 13,600/M/cm and was expressed as nmol/mg protein.
Determination of protein disulphide bond content
The disulfide bond content was determined according to the method of Benjakul et al. (2003) . To 0.5 mL of a sample solution, 3.0 mL of a freshly prepared 2-nitro-5-thiosulphobenzoate (NTSB) assay solution was added. The mixture was incubated at 25°C for 30 min. The absorbance at 412 nm was read. The disulfide bond content was calculated using an extinction coefficient of 13,900/M/cm.
Determination of protein carbonyls
The protein carbonyl content was evaluated according to the method of Soyer et al. (2010) . The results are expressed as nmol carbonyls/mg protein using an absorption coefficient of 22,000/M/cm for the hydrazones.
Determination of salt extractable protein
Salt extractable protein (SEP) was measured as outlined by Xiong et al. (2009) . The SEP content was expressed as the percentage of the protein concentration of each sampling to the initial protein concentration.
Ca-ATPase analysis
The Ca-ATPase activity was measured according to the method of Rawdkuen et al. (2010) with a slight modification. The swimming crab myofibrillar protein was diluted to 1-2 mg mL with 0.6 M KCl (pH 7.0). One milliliter of the protein solution was added to 0.6 mL of 0.5 M TrisHCl (pH 7.0). Next, 10 mM CaCl 2 was added to the mixture for the Ca-ATPase activity assay to a total volume of 9.5 mL. The assay solution was incubated at 25°C for 10 min in the presence of 0.5 mL of 20 mM ATP, and the reaction was terminated by adding 5 mL of chilled 15% trichloroacetic acid. The reaction solution was then centrifuged at 4000g for 5 min and then the supernatant was measured for inorganic phosphate (Pi) content using a colorimetric quantitative method. The results were expressed as nmol phosphate/mg protein/min. A series of NaH 2 PO 4 solutions (0.0-1.0 mM) was used to prepare the standard curve for phosphate calculation.
SDS-PAGE
The crab myofibrillar protein samples were subjected to Sodium dodecyl sulphate polyacrylamide gel elcetrophoresis (SDS-PAGE) according to the method of Laemmli (1970) . The samples were dissolved in SDS-PAGE sample buffer with 10% b-mercaptoethanol (b-ME) to obtain an approximately 1 mg/mL protein concentration. The samples were loaded onto the polyacrylamide gel with a 12% running gel and 5% stacking gel and subjected to electrophoresis at a constant current of 15 mA per gel.
Drip loss analysis
Drip loss analysis was performed on five crab samples for the actual sampling day and expressed as the percentage of the weight difference of the crab sample before and after storage: Drip loss (%) = (W A -W B )/W A 9 100, and where W A and W B denote the weight of the crab sample before and after t days of storage, respectively.
Freezing point and microstructure analysis
The freezing point of swimming crab was determined by differential scanning calorimetry (DSC200PC, Netzsch, Bavaria, Germany) according to the method of Liu et al. (2013) . The microstructure of crab muscle was determined using a scanning electron microscope (JSM-840, JEOL Tokyo, Japan). The samples were sputter-coated with gold (Sputter coater SPI-Module, PA, USA), and the specimens were observed at an acceleration voltage of 15 kV.
Statistical analysis
The Origin 8.0 for Windows software (OriginLab Inc., Hampton, MA, USA) was used to explore the statistical significance of the results obtained, including multivariate contrasts and multiple comparisons by the Tukey's test. A probability value of P \ 0.05 was considered to be significant. All experiments were performed in triplicate (n = 3). The figures were designed by Origin Lab 9.1 (Origin Lab Co, Northampton, MA, USA).
Results and discussion
Microbiological growth, pH and TVB-N The initial total aerobic plate count (TPC) was 3.96 log CFU/g for fresh crab (Fig. 1a) . TPC count in the CS treatment was significantly higher than SCS and SCS ? MAP samples at the same storage time points beyond the first day. TPC count reached log10 5 cfu/g at day 4, day 12-15 and day 15-18 in SC, SCS and SCS ? MAP samples, respectively, suggesting the SCS and SCS ? MAP treatment significantly inhibit bacteria growth during storage especially at day 4 (P \ 0.05).
Comparison with the recommended limits (log10 6 cfu/g) for refrigerated and frozen crab meat (ICMSF 1986) showed that no samples reached the spoilage level in the present study. This result was not in agreement with a previous study, which revealed that bacteria in crab meat reached approximately log10 6.5 cfu/g at day 14 during chilled storage (Lorentzen et al. 2014) . This difference might due to the different species, capture location and processing conditions resulting in different nutrients content of crab samples.
The total volatile basic nitrogen (TVB-N) and pH are traditional indicators for the quality of crab product. In general, the rise of TVB-N and pH in all treatments was observed during storage (Fig. 1b, c) . The increase of pH in crab was significantly inhibited by SCS and SCS ? MAP treatment at day 4 (P \ 0.05). The pH values did not exceed a maximum level of 8.20 (Anacleto et al. 2011 ) at day 15 and day 21 in SCS and SCS ? MAP samples, respectively. The TVB-N increased rapidly for the CS treatment, and the value reached 30.64 mg N/100 g on the 5th day of storage, while the corresponding values of the SCS and SCS ? MAP treated samples were only 14.21 and 10.82 mg N/100 g on the 6th day of storage, respectively. The TVB-N contents reached 30 mg N/100 g limits (Ocaño-Higuera et al. 2011 ) at day 12-15 and day 18-21 in SCS and SCS ? MAP samples, respectively.
According to Masniyom (2011) , higher CO 2 concentration potentially inhibited the growth of mainly gram negative microorganisms and decreased deamination capacity of bacteria, resulting in lower volatile compounds production. This fact corroborates our microbiological results (Fig. 1a) , since samples submitted to SCS ? MAP treatment present in general a lower number of colonies in the stationary phase. In addition, there was a significant difference (P \ 0.05) in the amount of total TVB-N produced in SCS ? MAP treatment samples, which reasserts the efficacy of superchilling with low O 2 and high CO 2 in Fig. 1 Effects of CS, SCS and SCS ? MAP on the total aerobic plate count (a), total volatile basic nitrogen (b), pH (c), peroxide value (d) and thiobarbituric acid reactive substances value (e) of swimming crab. The error bars indicate the standard deviation obtained from three analyses. CS chilling storage, SCS superchilling storage, SCS ? MAP superchilling storage with modified atmosphere packaging modified atmosphere packaging to reduce TVB-N production during storage and to extend shelf life.
Lipid oxidation
Changes in the peroxide value (PV) and thiobarbituric acid reactive substances (TBARS) values of crab samples during storage are shown in Fig. 1d, e, respectively. An increase in PV was observed in all samples during the early days of storage. The increase in PV indicates that the samples were in the propagation stage of lipid oxidation with a lower rate of decomposition of hydroperoxide (Shi et al. 2014) . CS and SCS samples displayed higher PV compared to SCS ? MAP samples throughout the entire storage time. The continuous increase in PV was observed up to day 15 for SCS ? MAP, while the PV of CS and SCS decreased with increasing storage time. The decrease in PV at the late storage times was probably due to the decomposition of hydroperoxide into other oxygenated compounds, which are considered secondary oxidation products (Maqsood and Benjakul 2010) .
The TBARS content in all the samples increased substantially during storage (P \ 0.05). Ruiz-Capillas and Moral established that the minimum value of the TBA index detectable by panelists was 1.44 mg MDA/kg (Ruiz-Capillas and Moral 2001). The TBARS content reached 1.5 mg MDA/kg of muscle at day 4, day 12 and day 21 in CS, SCS and SCS ? MAP samples, respectively, suggesting that SCS treatment was more effective in exhibiting the oxidation procedure than that of CS. Lipid oxidation could be initiated and accelerated by different mechanisms, including the production of singlet oxygen and enzymatic and non-enzymatic generation of free radicals and active oxygen (Kubow 1992) . Statistically significantly lower (P \ 0.05) values of TBARS were observed in the SCS ? MAP treatment after 6 days of storage compared to SCS. The results indicated that the presence of oxygen has a definite influence on the level of lipid oxidation (Giménez et al. 2002) and the decrease of oxygen content results in lower TBARS values.
Total sulfhydryl content (SH), disulfide bound and carbonyl content
Protein oxidation is known to have a number of negative effects on the attributes of meat quality. The changes in protein oxidation and denaturation parameters are shown in Table 1 . As storage progressed, protein oxidation was evident by decreases in the total sulfhydryl content and increases in the disulfide bond and carbonyl content. A significant (P \ 0.05) decrease in the total -SH content was observed during the first 3 days of storage for all treatments. The decrease in total -SH content is due to the formation of disulfide bonds through oxidation of -SH groups or disulfide interchanges (Thawornchinsombut and Park 2005) . Among different swimming crab samples, SCS ? MAP had significantly a higher (P \ 0.05) -SH content from day 6 to day 15. It has been provide that oxygen promotes fat and protein deteriorative reactions (Sandhya 2010) . A lower loss of -SH in SCS ? MAP may have been due to lower oxidation caused by the low oxygen of modified atmosphere packaging.
Changes of the carbonyl content showed a similar trend with the disulfide bonds. The initial carbonyl content was 1.21 nmol carbonyl/mg protein, which increased to 2.03, 1.87, 1.66 nmol carbonyl/mg protein (P \ 0.05) on the 6th day for CS, SCS and SCS ? MAP, respectively. Moreover, SCS ? MAP had a lower (P \ 0.05) -C=O content from day 6 to day 15. These results indicated that the formation of carbonyls without modified atmosphere packaging was more sensitive during chilling and superchilling storage.
Salt extractable protein content
With the prolonged storage time, the SEP contents of CS, SCS, SCS ? MAP decreased significantly (P \ 0.05) ( Table 1) . Kong et al. (2016) reported that the change in SEP content was applied as a major parameter for the denaturation of proteins, which is related to the formation of hydrogen or hydrophobic bonds, as well as disulfide bonds and ionic interactions. On the 6th day of storage, the CS samples showed a lower salt extractable protein content than that of the SCS and SCS ? MAP samples, suggesting that the superchilling temperature provided some protection against protein denaturation and aggregation.
Ca-ATPase activity
The decrease in Ca-ATPase activity has been widely used as an indicator of protein denaturation during frozen storage. The Ca-ATPase activity of the CS samples declined rapidly from an initial value of 146.0 nmol (pi)/mg pro.min at 6 days, decreasing by 37.5%. During storage for 15 days, the Ca-ATPase activity values of the SCS and SCS ? MAP samples were 71.3 and 89.0 nmol (pi)/mg pro.min, 51.2 and 39.0% decreases, respectively, compared to their initial values. The combination of superchilling with modified atmosphere packaging was found to significantly reduce the Ca-ATPase activity decreases from day 6 to day 15 (P \ 0.05). Thus, it was revealed that the modified atmosphere packaging could lessen the decrease in the Ca-ATPase activity and have a protective effect on the protein denaturation of swimming crab.
The loss in Ca-ATPase activity was caused by tertiary structural changes induced by ice crystals and the increased ionic strength of the system, as well as protein rearrangement via protein-protein interactions (Benjakul et al. 2003) . Our results for the Ca-ATPase activity reduction and sulfhydryl oxidation were similar, suggesting that the sulfhydryl groups played an essential role in the ATPase activity and that the oxidation of the sulfhydryl groups caused the decrease in Ca-ATPase activity. Benjakul and Bauer (2000) also reported that the decreased Ca-ATPase activity may be associated with the oxidation of sulfhydryl groups on the myosin globular head. In addition, low oxygen of modified atmosphere packaging could reduce the formation of disulfide bonds, which could lessen protein aggregation and prevent protein denaturation.
SDS-PAGE
The patterns observed by SDS-PAGE for myofibrillar protein from the swimming crab during storage are shown in Fig. 2 . The characteristic polypeptide bands of the myosin heavy chain (MHC), actin (A), troponin T, and myosin light chains (MLCs) were present in the gels. The band intensities of these proteins, especially MHC, decreased more rapidly in CS samples than in SCS and SCS ? MAP samples at day 4. These results suggested that chilling storage caused more severe damage on myosin than superchilling storage. SCS ? MAP could effectively maintain myosin integrity before day 4. After day 4, the SCS ? MAP results at day 18 were similar to that of the CS results at day 4, indicating protein decreased at later storage period even at SCS ? MAP conditions. Iwasaki et al. (2006) reported that the arrangement of filaments within the myofibril was the main contributor to water retention in the muscle cells. From the SDS-PAGE patterns, the MHC of CS samples decrease rapidly, which might explain changes in drip loss of CS samples even if they had no ice crystals damage. 
Drip loss
Drip loss is unappealing to consumers as it may affect juiciness, flavor, appearance and texture. In this study, the drip loss of all of the samples increased significantly during storage time (P \ 0.05) ( Table 2 ). The losses ranged from 3.3% for the SCS samples to 5.0% for the CS samples on 6th day of storage. However, there was no significant difference among the treatments at day 6 (P [ 0.05). However, after 6 days of storage, SCS and SCS ? MAP had a significant effect on the drip loss. These results are similar to those reported by Liu et al. (2013) in grass carp fillets stored at -3°C, and the drop loss was significantly higher than that of fillets stored at 0°C due to cell damage, lower protein solubility and protein denaturation. Furthermore, superchilling with modified atmosphere packaging has been shown to reduce the drip loss of some seafood products. Cyprian et al. (2013) demonstrated that 50% CO 2 packaging with superchilling can significantly reduce drip loss of fresh Nile tilapia fillets. However, in this study, SCS ? MAP treatment increased drip loss compared to SCS. Our results are in good agreement with those of Masniyom et al. (2002) , the higher the content of CO 2 in MAP the higher the drip loss. This may be due to a greater loss of the water-holding capacity of muscle protein at lower pH values produced from the dissolution of CO 2 in the muscle (Sivertsvik et al. 2002) .
Freezing point and microstructure
According to swimming crab samples in the heat capacity versus temperature plot (Data not shown), the initial freezing point of swimming carb is -1.28 ± 0.36°C. Considering temperature fluctuations resulting in thawing and re-freezing of the samples, -3 ± 1°C was chosen as the superchilling temperature of this study. Figure 3 shows the morphology variations in the muscle tissues of swimming crab samples stored using CS, SCS and SCS ? MAP conditions. In the images, clear muscle fibers and nodules were observed in raw samples (Fig. 3a) . After 4 days of storage, the nodules disappeared in the CS samples, and the muscle fibers pasted together with smooth (Fig. 3b) . After 12 or 18 days of storage, similar phenomena were observed in the SCS and SCS ? MAP samples ( Fig. 3e-g ). These observations indicated muscle corruption, leading to the development of muscle adhesions and degraded nodules. As a result, morphological changes were present in the muscle fibers. At day 4, SCS and SCS ? MAP samples retained the appearance of clear muscle fiber and nodules. At day 12, SCS samples contained more compact fiber arrangements than that of SCS ? MAP, suggesting that superchilling with modified atmosphere packaging could maintain the integrity of swimming crab muscle to some degree.
Conclusion
In conclusion, the results of the present study indicate that superchilling with modified atmosphere packaging (10% O 2 /60% CO 2 /30% N 2 ) helps prevent microbiological growth, reduces lipid and protein oxidation, and maintains tight morphology. Moreover, the shelf life of swimming crab was prolonged to 15-18 days by superchilling combined with modified atmosphere packaging. However, superchilling preservation technology is still in its infancy, and extensive research into optimization of the technique, temperature control and maintenance of the nutrition quality of aquatic products needs to be conducted.
